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Abstract 
The contact fatigue behavior of a fine-grained hardmetal coated with two distinct ceramic films, either a TiN monolayer or a 
WC/C multilayer, is studied by means of indentation testing techniques. Spherical indentation tests indicate that the investigated 
coated systems exhibit different susceptibility to fatigue degradation in terms of emergence of circular cracks at the coating 
surface. Furthermore, these cracks are found to induce well-defined substrate cracking without any intermediate decohesion. 
Accordingly, the intrinsic mechanical degradation under cyclic loading of the ceramic films is pointed out as key feature for 
rationalizing the experimental findings. This is finally sustained by the higher mechanical degradation exhibited by the WC/C 
film, as compared to the TiN one, on the basis of imprint size and contact stiffness changes with increasing number of cycles 
under repetitive nanoindentation. 
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1. Introduction 
Ceramic coatings are commonly used to prolong life service of tools as well as structural and machine elements. 
In this regard, the development of vacuum deposition techniques, chemical vapor deposition (CVD) and physical 
vapor deposition (PVD), has been of major impact, since they make it possible to deposit a thin layer of only a few 
micrometers on the surfaces of most engineering materials [1]. As a consequence, the films attained not only exhibit 
required surface properties through appropriate microstructural design [2], but also work well under stringent 
tolerances without affecting final fit within the tool or component assembly.  
Concerning application of thin ceramic coatings, cutting tools has always been the leading field. On the other 
hand, use of this surface modification technology in much larger industrial sectors, such as forming tools and 
machine components, is far behind, although continuously increasing and with an enormous potential for further 
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development [3]. However, applications within these latter fields often imply complicated service conditions, in 
many cases associated with contact loads of cyclic nature. From this perspective, contact fatigue resistance should 
then be recalled as another critical parameter, besides those commonly extracted from indentation, scratch and well-
established tribological (e.g. pin-on-disc or abrasive wheel) testing techniques, to be considered in the design and 
material selection of coated systems. 
 Knowledge on the mechanical behavior of hard-coated systems under repetitive contact loading is rather scarce 
(e.g. Refs. [4-7]), and mainly referred to combinations involving ball-bearing, tool or stainless steels as substrates 
together with nitrides and carbides as coatings. From these studies, it is clear that repetitive impacts imply a 
mechanical degradation of the coated systems. Additionally, typical damage evolution described involves initial 
substrate plastic deformation, followed by cracking of the coating, and final interface failure. However, 
consideration of different substrates (e.g. hardmetals or ceramics) or coatings (e.g. diamond-like carbon - DLC - or 
multilayer films) could imply relevant changes in both the effective occurrence of these degradation stages as well 
as the fatigue susceptibility of the corresponding coated systems. This is, for instance, the case of a recent finding by 
Tarrés et al. [8] where it is discerned that for a hardmetal coated with titanium nitride (TiN), substrate cracking is 
directly induced from the initial circular cracks at the coating, without any intermediate failure at the interface, as 
applied load and/or number of cycles increase.  
Following the above ideas, it is the aim of this work to assess the contact mechanical response and the 
corresponding damage mechanisms, under both monotonic and cyclic loading conditions, on two different PVD 
ceramic coatings (TiN, usually taken as reference, and a DLC-like film) deposited on a fine-grained hardmetal. In 
doing so, experimental protocols based on indentation testing techniques, at both micro- and nano- scales, are 
implemented. 
2. Experimental procedure 
A commercial fine-grained WC-10%wt Co hardmetal grade produced by DURIT Metalurgia Portuguesa do 
Tungsténio was used as substrate. Elastic modulus and hardness for such base material, as determined in a previous 
study [9], were 540 GPa and 14.5 GPa, respectively. Two coatings were investigated, both deposited following 
Oerlikon-Balzers’s PVD processes: (1) a single-layer TiN film by arc ion plating, and (2) a multilayer DLC one, in 
this study referred to as WC/C, by magnetron sputtering. As a result, dense coatings of about 3 Pm were attained. 
The former exhibited a crystalline fine-grained structure (Fig. 1a) whereas the latter consisted of a nanostratified 
arrangement of amorphous WC and C lamellas (Fig. 1b). Young’s modulus and intrinsic hardness for both coatings 
were determined by nanoindentation (MTS Nanoindenter XP) equipped with a continuous stiffness modulus (CSM). 
As expected, the crystalline coating exhibited significantly higher stiffness (430 GPa as compared to 135 GPa) and 
hardness (29 GPa with respect to 12 GPa) than the alloyed amorphous one [10]. Similar trend was also discerned 
regarding adhesion, as given by values of about 100 N and 40 N for TiN and WC/C respectively, for the critical 
normal load related to initial coating detachment under scratch testing (Revetest). Although this finding is also in 
agreement with previous literature reports (e.g. Ref. [10,11]), it should be pointed out that critical loads in both cases 
were higher than 30 N, a level generally described as sufficient in scratch testing with a Rockwell C diamond tip for 
tooling applications [3]. 
The mechanical contact response of the coated systems was investigated by means of spherical indentation. 
Hertzian tests were conducted in a servohydraulic testing machine (Instron 8511) by using a hardmetal spherical 
indenter with a curvature radius of 1.25 mm. Definition of the critical failure event was done on the basis of “crack 
prevention”, an approach different from the coating delamination criteria usually invoked in previous works 
involving cyclic impact testing (e.g. Refs. [4,6,7]). As it will be seen later, this definition is sustained on the fact that 
through-thickness circular cracks at the coating lead to hardmetal substrate cracking, independent of the loading 
conditions, before any interfacial failure takes place. Accordingly, the first stage on the experimental protocol 
followed was the determination of the critical load for circular crack emergence at the coating surface under 
monotonic loading, Pc. Once it was assessed, fatigue testing was carried out by applying fractions of such critical 
load as the maximum cyclic load (Pmax). The cyclic loading was imposed by means of a sinusoidal waveform at a 
frequency of 10 Hz and corresponding load ratio of 0.1. Specific outcomes of such cyclic tests were critical loads for 
discerning similar circular cracks at the films after a very high number of cycles, namely 106 cycles, Pf.
300 L. Llanes et al. / Procedia Engineering 2 (2010) 299–308
L. Llanes et al. / Procedia Engineering 00 (2010) 000–000 3
a) b
Fig. 1. SEM micrographs of: a) a fractured cross-section of TiN film; and b) focused ion beam milled cross-section of the WC/C coating.
Evolution of subsurface indentation damage, with increasing load or number of cycles, was investigated by 
means of specific monotonic and cyclic Hertzian indentation tests conducted on “clamped-interface” specimens. In 
doing so, a procedure similar to that commonly employed in ceramics by Lawn’s group (e.g. Ref. [12]) was 
followed; although here extended to coated surfaces. Briefly, these may be described as coated samples consisting of 
two previously ground and polished cross-sections clamped together by artificial means. Indentation across the 
surface trace of the existing interface and subsequent mechanical separation of the referred halves permits then   
examination of damage features under the surface, through optical and scanning electron microscopy (SEM).
As it will be detailed below, one of the main results of this study was to find that both coated systems studied 
exhibit a quite different fatigue sensitivity, although associated with failure scenarios qualitative similar from the 
viewpoint of damage evolution. As a consequence, information of the intrinsic fatigue response of the ceramic 
coatings was identified as a relevant need for understanding the results here attained. Within this context, a final 
experimental activity conducted in this investigation was a preliminary study on the fatigue response of the TiN and 
WC/C films using nanoindentation techniques. In doing so, tests were conducted applying loads ranging from 30 to 
60 mN with CSM active in order to acquire contact stiffness data during the test. These maximum load values 
correspond to those for which indentation depth was approximately 10% of the coating thickness under monotonic 
loading. All fatigue tests were carried out at an excitation frequency of 0.5 Hz, and their duration was variable, 
although within the low cycle fatigue regime: 10, 102, 103 and 104 cycles. Fatigue behavior was evaluated by 
monitoring the change in imprint size and contact stiffness, the latter being a parameter particularly sensitive to 
damage formation, with increasing number of cycles.  
3. Results and discussion 
3.1. Monotonic spherical indentation 
As applied load increases irreversible deformation of the coated systems was evidenced through residual surface 
traces. At relatively high load levels, first signs of damage were discerned at the edge of the corresponding residual 
imprints in terms of circumferential cracks (Fig. 2). The critical load for the emergence of these cracks, Pc, for both 
studied systems is listed in Table 1. Nevertheless, as clearly seen from simple optical observation of the indented 
imprints, plastic yielding of the coated sets was required for the subsequent cracking in the film, in agreement with 
previous studies by other authors (e.g. Ref. [5]). Regarding experimental data analysis, it should be pointed out that 
data from Hertzian tests are usually presented in terms of contact pressure or indentation stress (p) as well as the 
resulting indentation strain (e.g. Ref. [13]). Such approach was also implemented in this study. Accordingly, the 
corresponding critical mean contact pressures, given by pc = Pc/Sac2 where ac is the contact radius measured on the 
residual impression after applying Pc, are also listed in Table 1. The results attained clearly indicate that load and 
pressure levels for discerning film rupture is higher for the DLC coated hardmetal than for the TiN-coated one. 
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Taking into consideration the intrinsic properties of both coatings, such a finding should be associated with the 
lower stiffness and hardness exhibited by the WC/C multilayer, which then render more elasticity and tolerance to 
follow the deforming substrate before experiencing brittle rupture. The above monotonic critical loads and 
indentation stresses were then used as baseline reference for comparison purposes with the ones determined under 
cyclic loading conditions. 
Fig. 2. Circular cracks generated by applying monotonic loads above PC in hardmetals coated with: (a) TiN and (b) WC/C coatings.  
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3.2. Cyclic spherical indentation 
Cyclic indentation tests were conducted attempting to evaluate the susceptibility to damage appearance for the 
coated systems as either applied cyclic stress (for a given number of cycles) or number of cycles (for a given applied 
stress) increases. Experimental results of spherical contact fatigue tests are presented in Fig. 3. In agreement with 
previous studies on other hard-coated systems [4,14,15], they show that the critical damage emergence is sensitive 
to cycle loading. However, two interesting remarks should be done. First, different from the trend observed under 
monotonic loading, maximum cyclic loads for which time-differed damage is still evidenced after a very large 
number of cycles, here referred to as Pf, are lower for the DLC coated system than for the TiN coated one (Table 1). 
Second, damage mechanisms distinct from the cohesive one observed under monotonic loading (i.e. adhesive 
failure, for instance) are not discerned, even after 106 cycles. Following the analysis described in the previous 
section, critical cyclic indentation stresses for coating cracking, p , were calculated from the determined P  and 
co
f f
rresponding residual spherical imprint diameters, and are also included in Table 1. It should be noticed that 
although relative difference on contact fatigue strength between both coated systems decreases, it is still higher for 
the TiN coated hardmetal.  
From the critical parameters listed in Table 1, the real fatigue susceptibility of the coated systems here studied 
may be analyzed by means of the ratio pf / pc, a parameter usually referred to in the fatigue literature as fatigue 
sensitivity. In this sense, the closer to 1 the ratio is, the less sensitive to contact fatigue, as related to the failure 
mechanism defined as critical event, the material should be, and vice versa. For the TiN coated system the fatigue 
sensitivity is found to be 0.87, i.e. a relatively high value, even when compared to similar high values usually 
reported for other brittle-like materials (e.g. see Refs. [16,17]). Considering that the failure event chosen here as 
critical involves cracking of the TiN film, it is speculated that such low fatigue sensitivity should be intimately 
related to the ceramic nature of the coating, especially if the high compressive residual stresses exhibited by it are 
considered [18]. Such a hypothesis may be somehow supported by a recent work, by Cairney and coworkers [19] on 
degradation of TiN coatings under cyclic loading, where it is shown that relative differences between intergranular 
shear stresses required for promoting sliding along intercolumnar cracks, postulated by the authors as the principal 
deformation mechanism in the coating, under cyclic and monotonic (nanoindentation) loading are above 0.9, i.e. 
very close to 1. However, the ceramic nature of the coating does not seem to be a sufficient condition for expecting 
low fatigue sensitivity. This is clearly evidenced by the low pf / pc ratio (0.62) determined for the DLC coated 
hardmetal. Such high fatigue sensitivity level is close to those determined for PVD-coated steels under the 
consideration of interfacial decohesion as critical damage event, i.e. one where a metallic substrate is directly 
involved in the failure mechanism [20]. In this regard, it is speculated that the amorphous nature of the WC/C film 
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ine/amorphous nature) has been pointed out by Jayaram et al. [21] as plausible reason for the differences 
reported by two distinct research groups [19,22] on the indenter displacement response under cyclic loading of TiN 
fil s. 
Fig. 3. Applied load – number of cycles diagram describing damage appearance under spherical contact fatigue on the surface of the hardmetal 
substrate coated with: a) TiN; and b) WC/C films. 
may be playing a key critical role on effectively determining the intrinsic cyclic degradation susceptibility of this 
ceramic coating. Indeed, the existence of alike microstructural features (e.g. equi-axed/columnar assemblages or 
crystall
m
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The above experimental facts definitely indicate the existence of real fatigue degradation for both coated systems. 
However, concerning relative mechanical response as a function of the involved coating, different fatigue strength is 
assessed in terms of coating cracking but not with respect to adhesion failure. This statement is sustained by the 
subsurface indentation damage scenario evidenced for both systems. As it is clearly discerned in Fig. 4, in both 
cases circumferential cracks originating at the film surface lead to well-defined substrate cracking without any 
intermediate decohesion. Accordingly, the distinct performance evidenced under cyclic loading must come from the 
differences on fatigue damage resistance affiliated to ring cracking for each film. Within this context, a study on the 
fatigue response of the TiN and WC/C films using nanoindentation techniques was attempted. Some preliminary 
results are presented in the following section. 
a) b)
Fig. 4. SEM micrographs showing the interaction of through-thickness circular cracks, originated at the coating top surface, with the coating-
substrate interface and underneath hardmetal substrate coated with:  a) TiN; and b) WC/C films. 
3.3. Mechanical response of the ceramic films under repeating nanoindentation  
The imprints produced in the materials after repetitive nanoindentation are presented in Fig. 5. It can be seen that 
as the number of cycles rises, the size of the imprint increases in the WC/C film: i.e. some fatigue degradation 
phenomenon seems to be developing as the loading and unloading are performed in elastic regime. In addition, 
when the contact stiffness of both coatings is compared, a definite change with time is discerned for the DLC 
coating whereas it is independent of the number of cycles for the TiN one (Fig. 6). Very interesting, the referred 
gradual change is sometimes accompanied by sudden changes that could be indicative of a more localized damage 
event (e.g. crack extension, microstructure collapse or even shear band formation). Although these results are just 
considered as preliminary findings, they are clearly indicative of real mechanical degradation taken place under 
cyclic loading in the WC/C coating, and further research in this area is called for attempting to investigate the 
corresponding fatigue mechanisms. 
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N=10000
N=100 N=1
Fig. 5. Repeated nanoindentation for variable number of cycles (N): change of imprint size for WC/C coating. 
10 Pm
Fig. 6. Contact stiffness changes for increasing number of cycles (time) during repeated nanoindentation: a) TiN; and b) WC/C coatings. 
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4. Concluding remarks 
The contact fatigue behavior of a fine-grained hardmetal coated with two distinct ceramic films, either a TiN 
monolayer or a WC/C multilayer, has been studied by means of indentation testing techniques at both micro- and 
nano- scales. In doing so, critical damage under monotonic and cyclic spherical contact loading has been defined in 
terms of circular cracks in the coating surface which, under increasing applied load or number of cycles, go through 
the thin film and get into the base hardmetal. For both coating-substrate systems, the emergence of these cracks is 
found to be sensitive to “real” contact fatigue, the corresponding fatigue susceptibility being dependent upon the 
ceramic film deposited on the hardmetal substrate. In this regard, preliminary results attained through repetitive 
nanoindentation clearly indicate that the WC/C coating exhibits a higher intrinsic mechanical degradation under 
cyclic loading than the TiN film, as given by the changes in imprint size and contact stiffness as the number of 
cycles increases. The amorphous/crystalline nature of the films under consideration is proposed as a plausible reason 
for the differences observed in the contact fatigue behavior assessed. 
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